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ABSTRACT
Recently, Su et al. (2016) propose an innovative design, referred as the “SYZ” design,
for Chinese new project of a 12m optical-infrared telescope. The SYZ telescope design
consists of three aspheric mirrors with non-zero power, including a relay mirror below
the primary mirror. SYZ design yields a good imaging quality and has a relatively flat
field curvature at Nasmyth focus. To evaluate the science-compatibility of this three-
mirror telescope, in this paper, we thoroughly compare the performance of SYZ design
with that of Ritchey-Chre´tien (RC) design, a conventional two-mirror telescope design.
Further, we propose the Observing Information Throughput (OIT) as a metric for
quantitatively evaluating the telescopes’ science performance. We find that although
a SYZ telescope yields a superb imaging quality over a large field of view, a two-
mirror (RC) telescope design holds a higher overall throughput, a better diffraction-
limited imaging quality in the central field of view (FOV< 5′) which is better for
the performance of extreme Adaptive Optics (AO), and a generally better scientific
performance with a higher OIT value.
Key words: astronomical optics – telescopes – image quality assessment – perfor-
mance metric
1 INTRODUCTION
The development of new technologies yields increasingly
advanced astronomical telescopes with novel instruments.
These new technologies constantly improve the telescope’s
aperture, throughput, angular resolution, spectral resolu-
tion, and time resolution of astronomical observations (Nel-
son et al. 1985; Nelson 2000). Besides, researchers have also
explored a variety of configurations for the telescope designs
due to their specific applications and requirements. Among
them, the two-mirror designs include the Ritchey-Chre´tien
(RC) configuration as shown in Figure 1(a) and Aplanatic
Gregorian (AG) configuration as shown in Figure 1(b),
are the most prevalently adopted designs for current large
telescopes. These RC design telescopes include 8m Subaru
Telescope, Keck (10m) telescope, and the next generation
Thirty-Mirror-Telescope (TMT) that is currently under con-
struction (Nelson et al. 1985; Nelson 2000; Kaifu 1998). The
most typical examples for Aplanatic Gregorian configuration
are the Large Binocular Telescope (LBT) (8.4m×2) (Hill et
al. 2003) and the next generation Giant Megallanic Tele-
scope (GMT) (Johns 2008). The RC and AG configurations
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Figure 1. Typtical two-mirror designs: (a) RC design; (b) AG
design.
are concise and contain only two aspheric mirrors with non-
zero power: the primary mirror and the secondary mirror.
Another plane tertiary mirror with no power is required to
direct the incident light beam into the Nasmyth instrument
platforms for both RC and AG designs.
© 2017 The Authors
ar
X
iv
:1
70
8.
01
25
7v
1 
 [a
str
o-
ph
.IM
]  
3 A
ug
 20
17
2 Donglin Ma & Zheng Cai
Recently, there is a new project of constructing a large
optical-infrared telescope (LOT) in China. The aperture of
primary mirror is 12m. Su et al. (2016) propose an innovative
design that consists of three aspheric mirrors with non-zero
power, including a primary mirror, a secondary mirror, and
a relay mirror (referred as SYZ relay mirror) just below the
primary mirror. The configuration of the conceptual design
along with the comprehensive parameters can be found in Su
et al. (2016). According to their statements, the SYZ design
yields excellent geometrical image quality over a large field
of view (FOV) compared to the traditional 2-mirror design
and relatively more flat field curvature at Nasmyth focus.
Further, SYZ deisgn can switch between Coude focus and
Nasmyth focus conveniently (Su et al. 2016).
To better evaluate the effectiveness of this novel SYZ
design, we compare the performance of the SYZ design with
that of conventional two-mirror design (e.g., RC design)
based on several different performance metrics. Several inde-
pendent metrics have already been proposed to evaluate the
telescope designs, including the calculation of the through-
put and the imaging quality metrics (e.g., wavefront error;
80% enclosed energy diameter; equivalent noise area (King
1983); normalized point source sensitivity (Seo et al. 2009)).
These quantities help to understand the different designs
and better budget errors of telescopes. In this paper, we
use these metrics and also introduce new metrics to directly
and quantitatively compare the scientific productivity of the
SYZ design with that of the RC design. This paper is orga-
nized as follows: in §2 and §3, we present the design of a
RC and a SYZ system. In §4, we first analyze the diffrac-
tion image quality and system’s throughput of all designs.
Then we compare the telescope’s effective apertures under
seeing limited observation and ground layer adaptive optics
(GLAO) corrected observation. Finally, we propose a new
performance metric of telescope named as observational in-
formation throughput (OIT), which is directly related to the
scientific productivity of telescopes with different designs in
this paper. Since the Nasmyth focus hold a majority of in-
struments for current large telescopes, all the performance
metrics are principally measured at Nasmyth focus in the
following of this paper.
2 SYZ DESIGN AND PERFORMANCE
2.1 SYZ design
This SYZ design was proposed by Su et al. (2016). The SYZ
design contains three mirrors with non-zero power, i.e. pri-
mary mirror, secondary mirror and the SYZ relay mirror, as
shown in Figure 2. It is an example of 3-mirror telescopes.
The parameters of different mirrors are listed in Table 1,
and the focal ratio at Nasmyth focus is set to be f/12.8. The
primary mirror (M1) has a hyperbolic surface. Both M2 sur-
face and M3 surface are aspheric surfaces. The effective focal
length (EFFL) of the system is 153,595mm. The maximum
FOV of the system is set as 20 arcmin. In addition, the f-
number of the primary mirror is set to be 1.6.
Nas. Focus
M1
M2 M3
M4
Cas. Focus
Figure 2. The Nasmyth system of 12-m SYZ telescope (M1:
primary mirror; M2: secondary mirror; M3: SYZ relay mirror;
M4: flat fold mirror). Different color represents the different field
radius. The field radius is defined as the angle between incident
light and telescope optical axis.
2.2 System performance at Nasmyth (Nas.) focus
For the imaging quality of SYZ design, Figure 3 shows the
spot diagrams at different field positions. The fraction of en-
circled energy as a function of image spot radius is shown in
Figure 4. From these results, we can see that the SYZ system
has an exceptional geometrical image quality: the diameter
of 80% encircled energy (EE80) less than 0.002 arcsec for the
full FOV. Besides, the curvature radius of the Nasmyth focal
surface of SYZ system is about 8.85m, which is relatively flat
and thus easier for implementation of instruments with large
FOV. These results are all consistent with that reported in
Su et al. (2016). However, it is well-known that the geomet-
rical image spot size cannot fully reflect the performance
of a diffraction-limited optical system since the diffraction
effect will dominate the final image quality.. For the wave-
length of 0.55µm, the Airy disk’s full width at half-maximum
(FWHM) diameter for diffraction-limited condition is spec-
ified as (Airy 1835):
θAiry = 1.22
λ0.55
D
, (1)
where λ0.55 is the wavelength at 550nm, D is the effective
entrance aperture diameter of the optical system. The ideal
Airy disk size of the LOT optical system with an aperture of
12 m is 0.0115” by Equation (1). A linear relation between
EE80 and FWHM: EE80=1.6× FWHM. Thus, the EE80 di-
ameter of ideal Airy disk for LOT telescope is 0.018 arcsec,
which is much larger than the geometric image spot size. For
the diffraction-limited scenario, diffraction dominates the fi-
nal image quality, and the actual image spot size can be
approximately derived by:
θSpot =
√
θ2Airy + θ
2
Geo. (2)
Since θGeo is ignorable (less than 0.002” in full FOV) in the
MNRAS 000, 1–10 (2017)
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Table 1. The design parameters of the SYZ system.
Element Curvature radius (mm) Thickness (mm) Aperture diameter (mm) Conic a6 a8
M1 -38400 -15297.69 12000 -0.960336 4 4
M2 -11657.77 17742.68 2500 -3.368228 -4.594e-23 1.556e-30
M3 -8164.38 -5936.13 1458 -0.638467 -3.962e-22 1.942e-28
M4 ∞ 9760 1133x787 - - -
Image 8851.47 - 894 - - -
Spot Diagram
Units are μm                                                                           Airy Radius:     8.589 μm
Field           :                 1                  2                  3                  4                  5                  6
RMS radius:          0.109           0.127           0.131           0.271           0.838           1.892
GEO radius:          0.185           0.330           0.362           0.586           1.757           3.806
Scale bar: 20                                                                                      Reference: Chief Ray     
OBJ: 0 arcmin OBJ: 2 arcmin OBJ: 4 arcmin
OBJ: 6 arcmin OBJ: 8 arcmin OBJ: 10 arcmin
IMA: 0.000, 0.000 mm IMA: 0.000, -89.354 mm IMA: 0.000, -178.765 mm
IMA: 0.000, -268.207 mm IMA: 0.000, -357.739 mm IMA: 0.000, -447.416 mm
2
0
.0
0
Figure 3. Geometrical spot diagrams of different FOVs at Nas-
myth focus of SYZ telescope.
SYZ design, the size of SYZ spot size in the diffraction-
limited scenario is close to that of the Airy disk.
In order to further evaluate the image quality of SYZ
telescope, we used ZEMAX to take a quantitative evaluation
of image spots’ encircled energy (EE) distribution for SYZ
systems with different central obscuration ratios. The cen-
tral obscuration ratio is defined as the relative linear size of
the M4’s central hole to the M4’s linear size. We denote this
central obscuration ratio as  , which determines the FOV
at Nasmyth focus. We present the EE as a function of im-
age spot radius in Figure 4: Figure 4 (a) showing EE vs.
radius with  = 0.35, corresponding to a FOV of 14 arcmin;
and Figure 4 (b) showing EE vs. radius with  = 0.5, corre-
sponding to a FOV of 20 arcmin. The 80% enclosed energy
(EE80) is about 0.036 arcsec when the relative size of M4’s
central hole is  = 0.35; and the EE80 is about 0.055 arcsec
when  = 0.5.
Based on our calculations in Appendix A for the ob-
scured diffraction pattern (e.g., Airy 1835; Sacek 2006), the
EE80 diameter of image spot with central obscuration of
0.5 (0.25 for the area obscuration) is more than twice of the
Airy disk size, consistent with our previous ZEMAX simula-
tion results. We conclude that the SYZ’s on-axis resolution
is relatively lower than the two mirror systems. Further, the
larger size of M4’s hole for the SYZ system will result in a
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Figure 4. The fraction of encircled energy as a function of image
spot radius in the diffraction limited scenario: (a) Central obscu-
ration ratio () = 0.35; (b) Central obscuration ratio () = 0.5.
The different colors represent the different field radius. The field
radius is defined as the angle between the incident light and the
telescope axis.
worse on-axis image quality.. In next section, we will provide
more discussions about the effect of M4’s central hole such
as central obstruction, FOV vignetting, and extra diffraction
degradation.
2.3 SYZ system performance at Cassegrain (Cas.)
focus
SYZ is optimally designed for Nasmyth focus, and thus the
image quality at Cassegrain focus is relatively worse because
of lacking symmetry between the two foci. In the current
SYZ design (Su et al. 2016), the EE80 diameter of in the
central FOV is about 1.87 arcsec, which can be reduced to
1.0 arcsec with further optimization at Cassegrain focus by
increasing the telescope tube length (equivalently increasing
the Cassegrain focus ratio). Considering the image quality
issue as well as other instrumentation problems (such as lo-
cation of this focus), the SYZ design will be difficult to be
compatible with Cassegrain focus. However, Cas. focus is
important for some two-mirror telescopes because of its su-
perb throughput and symmetric optics. For example, Keck
MNRAS 000, 1–10 (2017)
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Nas. Focus
M1
M2
M3 Cas. Focus
Figure 5. The 2D layout of a RC telescope design. Different
colors represent the different field radius.
telescope supports LRIS, ESI and MOSFIRE (Oke et al.
1995; Sheinis et al. 2002; McLean et al. 2012) at Cas. focus.
Lacking a good Cas. focus may be a potential drawback for
SYZ design.
3 RC DESIGN AND PERFORMANCE
As we have stated above, the most widely used designs for
large telescopes are two-mirror designs, such as RC and
AG systems. Compared to a three-mirror system, a two-
mirror telescope has simpler structure which probably yields
less construction cost. In this section, we design a Ritchey-
Chre´tien telescope. The design parameters are listed in Ta-
ble 2 and the 2D layout of the RC telescope is shown in
Figure 5. We set both Nasmyth focus and Cassegrain focus
at f/15 and thus the effective focal length of the system is
180m. The f-number of the primary mirror is set as 1.60,
which is the same as current SYZ design. The maximum
FOV of RC design is set to be 20 arcmin.
In Figure 6, we present the fractional encircled energy
distribution of image spots with diffraction effect for the RC
design. Obviously, image spots at different field positions
have very different sizes, which, however, are relatively uni-
form for the SYZ telescope design. The diameters of image
spots with diffraction (EE80) for RC design vary from 0.0193
arcsec (central field position) to 0.3853 arcsec (marginal field
position). In addition, the curvature radius of the focal sur-
face for RC design is estimated to be 2.64m, which is less
flat compared to that of the SYZ telescope.
4 COMPARISON OF SYSTEM
PERFORMANCE BETWEEN THE SYZ
DESIGN AND RC DESIGN
Compared to two-mirror telescope systems, the SYZ tele-
scope has relatively small field curvature and excellent geo-
metrical image quality for full FOV. However, the SYZ sys-
tem has a more complex telescope structure, higher central
obstruction ratio, higher reflection loss introduced by an ad-
ditional mirror, and worse on-axis image quality caused by
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Figure 6. The fraction of encircled energy vs. radius from cen-
troid of image spots with diffraction effect for RC design. Different
colors represent the different field radius.
annular pupil diffraction effect due to the central obstruc-
tion. In the following sections, we will provide a system-
atic comparison between RC design and SYZ design. We
will focus on the diffraction image quality, system through-
puts, and the actual scientific performance. We will apply
several telescope evaluation criteria, such as EE80, effective
aperture, central intensity ratio (CIR), equivalent noise area
(ENA), and observing information throughput (OIT) to eval-
uate the performance of various telescopes.
4.1 Diffraction image quality
Again, we use EE80 diameter in diffraction limited scenario
to evaluate the image qualities of different designs. In Ta-
ble 3, we show the comparison results of image spot sizes at
Nasmyth focus for different telescope design, where  spec-
ifies the relative size of central obscuration of M4 in SYZ
design.
From the comparison results, the size of M4’s central
hole plays a key role for optical system’s performance of SYZ
designs: on one hand, it degrades the image quality due to its
diffraction effect; on the other hand, vignetting effect caused
by the central hole occurs when FOV increases. As we have
stated above, if we need unvignetted full FOV of 14 arcmin,
then the relative size of the central hole of M4 must be larger
than 0.35. The relative size of M4’s hole is 0.5 for an unvi-
gnetted FOV of 20 arcmin. However, the larger the central
hole of M4, the more degradation it will bring to the image
quality. Due to the diffraction effect of M4’s central hole, the
image quality of central FOV (within 5 arcmin for  = 0.35;
within 7 arcmin for  = 0.5) for SYZ designs is not as good
as that for the two-mirror designs. However, we can reach
diffraction-limited observation with the help of adaptive op-
tics technologies such as extreme adaptive optics (ExAO)
and multi-conjugate adaptive optics (MCAO), whose FOVs
are currently restricted to less than 1 arcmin (Macintosh
et al. (2006); Rigaut et al. (2000)). For GLAO, although
its FOV might reach 10 arcmin, it can only improve image
quality by a factor of ∼2, far from diffraction limited, and its
performance strongly relies on turbulence profile (Hart et al.
2010; Andersen et al. 2006; Orban de Xivry et al. 2016). For
MNRAS 000, 1–10 (2017)
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Table 2. The design parameters of SYZ configuration at Nasmyth focus
Element Curvature radius (mm) Thickness (mm) Aperture diameter (mm) Conic
M1 -38400 -1.696E+4 12000 -1.0030048
M2 -5014.97 12000 1540 -1.5707753
M3 ∞ 9000 1740x1230 -
Image 2641.18 - 1045 -
Table 3. The comparison of SYZ designs and RC design in EE80
diameter. The unit of EE80 is in arcsec.
HFOV
(arcmin)
Diffraction EE80 (Diameter (arcsec))
SYZ(=0.5) SYZ(=03.5) RC
0 0.0544 0.0358 0.0193
2 0.0546 0.0360 0.0297
4 0.0548 0.0362 0.0677
6 0.0550 0.0364 0.1420
8 0.0552 - 0.2489
6 0.0554 - 0.3583
the image quality at large field radius, the atmosphere see-
ing (median 0.7– 0.8 arcsec in several candidate sites for this
project) and telescope instrumentation errors will dominate
over full FOV of 15 arcmin at Nasmyth or Cassegrain fo-
cus (Nelson et al. 1985). Thus, we conclude as follows. First,
the image quality of the three-mirror designs is worse than
that of the two-mirror designs at the central field, especially
within central FOV of 1 arcmin. Second, at the edge of large
FOV (e.g., 15 – 20 arcmin), performance would not differ
much between two-mirror designs and three-mirror designs
due to seeing limited condition. Third, if we further con-
sider the effect of instrumentation error, the image quality
of SYZ design is likely worse than theoretical expectation
(e.g., Figure 4) due to its more complex alignment.
4.2 Throughput analysis
To maximize the throughputs of the telescope optical sys-
tems, we need to apply reflective metal coating to all mirror
surfaces to increase the reflectivity. Generally, aluminum,
silver and gold are the three most common metal coatings
(Bennett et al. 1965). Aluminum is the most popular coat-
ing material for most of the astronomical observatories. Alu-
minum is reflective over the full range of wavelengths from
300nm to 25µm. However, the reflectivity of aluminum coat-
ing in the 300-1000 nm range is only about 90%. Silver is
a better coating choice for wavelength that is longer than
340nm, but its oxidization rate is fast, so that its reflectivity
drops rapidly if coated naked. It also has very low reflectivity
for wavelength shorter than 340nm. The gold coating suffers
from the same problem as the silver coating and it has an
even lower ultra-violet reflectivity (Bennett et al. 1965).
For Aluminum coating, we assume that its lifetime is
2 years. The reflectivity of aluminum coating in the opti-
cal wavelength range will degrade from 90% to about 87%
after 1 year, and to 84% after two years (Magrath 1997).
For simplicity, we take the reflectivity of aluminum coat-
ing for the full optical wavelength range as 87% during a
2-year lifetime. However, if we do not consider the ultravi-
olet band and adopt the enhanced silver coating, then the
average reflectivity in optical wavelength range can reach as
high as 95% (Vucina et al. 2006). That means if we use Al
coating, then an extra mirror of SYZ telescope yields 13%
extra light loss. If one adopts enhanced silver coating, then
an extra mirror of SYZ yields 5% extra light loss.
As stated above, another important light loss is from
the central obscuration effect caused by the optical elements
along the optical path. In this paragraph, we quantitatively
evaluate this effect. For the SYZ design, secondary mirror,
central hole of primary mirror, and central hole of M4 will
obscure light near the optical axis. Moreover, the obscura-
tion ratio for the three elements are 0.212, 0.117, and 0.35
(FoV=15’) or 0.50 (FoV = 20’) respectively. Typically, the
central hole of M4 in either design dominates the central ob-
scuration effect along the optical path for Nasmyth focus of
SYZ design. For RC design, only the secondary mirror has
a central obstruction effect along the optical path. Thus,
considering reflection loss and central obstruction effect, the
final throughput of all designs can be denoted by
η = rNC ·
(
1 − 2M
)
, (3)
where rC is the reflectivity of mirror coating, N is the num-
ber of mirrors along the optical path, and M is the central
obstruction ratio of telescope system, which is generally de-
cided by element with maximum central obscuration along
the optical path. Based on Equation (3), the total through-
puts of all designs can be concluded in Table 4.
4.3 Effective aperture estimation
The SYZ design has a good performance in image quality
at large FOV, but its image quality at central field posi-
tion (FoV < 5′) and the system throughput are not as good
as that of the RC design. The effective aperture is gener-
ally used as a parameter to evaluate the signal-to-noise ratio
(SNR) under a given exposure time (texp). In the following,
we will take the effective aperture as one of the general crite-
ria to evaluate the optical performance of both RC and SYZ
systems at different FOVs. Nowadays, most astronomical ob-
servations are conducted in so-called ”background-limited”
condition, in which sky background is much brighter than
the source. In background-limited scenario, the SNR is pro-
portional to the following quantity (Budding et al. 2007):
SNR ∝ D0 ·
√
texp · √η · 1FWHM , (4)
where texp is the exposure time, and FWHM is the full width
at half maximum of the point spread function (PSF) at the
focal surface. Let us assume D0 is the aperture of the primary
MNRAS 000, 1–10 (2017)
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Table 4. The throughput of SYZ designs and RC designs
Design
Central
Obscuration
Total Throughput
New Al Two-year Al Enhanced Ag
SYZ( = 0.35) 0.35 57.6% 50.3% 71.5%
SYZ( = 0.50) 0.50 49.2% 43.0% 61.1%
RC(Nas. focus) 0.13 71.8% 64.9% 84.4%
RC(Cas. focus) 0.13 79.7% 74.5% 88.8%
Table 5. The effective aperture of SYZ design and RC design
Design
Effective Aperture (m)
New Al Two-year Al Enhanced Ag
SYZ( = 0.35) 9.1 8.5 10.1
SYZ( = 0.50) 8.4 7.9 9.4
RC(Nas. focus) 10.2 9.7 11.0
RC(Cas. focus) 10.7 10.4 11.3
mirror, and then the effective aperture for any optical system
with throughput of η and FWHM can be denoted as:
Deff ≡ D0 · √η ·
FWHM0
FWHM
, (5)
where FWHM0 is the atmosphere seeing. The definition is
provided in such a way so that Deff can be used to directly
reveal the observed SNR given a texp. As we have asserted
in Section 4.1, there is little difference between FWHM and
FWHM0 under seeing-limited condition or GLAO condition.
Based on Equation (5), we can summarize the effec-
tive apertures at λ ∼ 0.55µm of different designs in Table 5
under seeing limited observations or GLAO corrected obser-
vations, assuming a typical seeing of 0.7” and a factor of 2×
improvement of the FWHM (0.35”) under the GLAO con-
dition over a 10’ FOV (e.g., Anderson et al. 2006). Among
all design configurations, SYZ designs have much smaller ef-
fective apertures compared to the RC design, and the RC
design at Cassegrain focus can have the best SNR for ob-
serving faint sources.
4.4 Central intensity ratio (CIR) comparison
In section 4.3, we have compared the optical performance
of RC design and SYZ design under seeing limited observa-
tion and GLAO observations. Most large telescopes nowa-
days aim to achieve diffraction-limited performance up to a
FOV of a few tens of arcsec with extreme adaptive optics
(ExAO). In this case, we generally use central intensity ratio
(CIR) to evaluate the telescope performance, which corre-
lates system’s Strehl ratio and photon throughput (Dierickx
1992).
In the RC or SYZ design, the Strehl ratio degradation of
PSF at the center of FOV is largely dependent on the diffrac-
tion effect of central obstruction. Based on our derivation of
central obscuration (CO) diffraction pattern in Appendix A,
one can see that Strehl ratio of a telescope with central ob-
scuration ratio of  can be estimated as (1−2)2. Considering
Table 6. The central intensity ratio (CIR) of SYZ design and
RC design under ExAO
Design
Central Intensity Ratio
New Al Two-year Al Enhanced Ag
SYZ( = 0.35) 0.51 0.44 0.63
SYZ( = 0.50) 0.37 0.32 0.46
RC(Nas. focus) 0.70 0.64 0.83
RC(Cas. focus) 0.78 0.73 0.87
the reflection loss, telescope’s CIR at the center of FOV un-
der ExAO can be expressed by:
CIR = rNC ·
(
1 − 2M
)2
. (6)
Based on Equation (6), comparison of RC design and
SYZ design under ExAO corrected observations can be sum-
marized in Table 6. Following the comparison results, one
can see that RC design generally has a higher CIR and thus
has a better ExAO performance.
4.5 Observing information throughput (OIT)
evaluation
In this section, we introduce a new evaluation criterion, the
observing information throughput (OIT), to evaluate tele-
scope’s observing capability for full FOV. Before doing this,
we first introduce another general telescope’s performance
metric, i.e. equivalent noise area (ENA). ENA has been first
proposed in King (1983), and further adopted as a crucial
performance metric for large telescopes (Nelson et al. 2008;
Angeli et al. 2011). The ENA has a physical meaning of the
smallest aperture that can be used to extract all the infor-
mation of a faint source, which can be defined as:
ENA =
1∬
φ2dxdy
, (7)
where φ is the point-spread function (PSF). Detailed deriva-
tions of ENA can be found in Appendix B. Typically, ENA
is the inverse of the point source sensitivity (PSS), which
is another telescope performance metric proposed by Seo et
al. (2009). Assuming a source with E as the total photons
per second, we can define the SNR for the observation of the
source as:
S
N
=
E · t · η√
E · t · η + B · t · ENA · η, (8)
where η is the throughput of the telescope, E is the stel-
lar intensity in photons, and B is the observed background
MNRAS 000, 1–10 (2017)
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sky level in photons. For the background limited case, the
exposure time can be represented by:
t =
ENA
η
S
N
B
E2
. (9)
Based on Equation (9), we can see that the integra-
tion time is proportional to ENA for observing faint sources.
As long as the total energy of the source (E), and back-
ground (B) is fixed, the integration time is proportional to
the ENA/η given the same S/N. Thus, η/ENA can be used as
a direct parameter to evaluate the science productivity given
a FOV and a given exposure time. In addition, we consider
that the survey speed is proportional to FOV area of tele-
scope. Thus, we suggest the integration of η/ENA over the
whole FOV of telescope as an independent, dimensionless
criterion for any telescope design. We call this new criterion
as observing information throughput (OIT), which can be
defined as
OIT =
∫ 2pi
0
∫ FOV/2
0
η
ENA
rdrdθ, (10)
where r is the field radius of telescope measured by radian (or
arcmin), and ENA is a quantity to evaluate the image quality
on the focal surface of telescope. OIT directly measures the
total science output of telescopes with a given exposure time.
The total ENA of the telescope can be approximated
by:
ENA = ENASeeing + ENAAstig + ENAError, (11)
where ENASeeing is the ENA caused by atmosphere seeing,
ENAAstig is the ENA caused by astigmatism of telescope
design, and ENAError is the ENA caused by the error due
to the telescope instrumentation. Based on our definition
of ENA, the value of ENASeeing for atmosphere seeing of
0.7 arcsec is about 1.20 arcsec2 (assuming PSF is a Gaus-
sian profile). Since it is hard to quantify the instrumentation
error, we assume that we can achieve a perfect instrumen-
tation of telescope for all designs, i.e. ENAError = 0. The
SYZ design is diffraction-limited design for whole FOV, so
its ENAAstig can be taken as zero too. While for the two-
mirror design, ENAAstig can be speculated by:
ENAAstig = κ · AAST2, (12)
where κ is a constant with value of pi/4 that can be derived
based on the PSF caused by astigmatism and the definition
of ENA, and AAST is the value of astigmatism for RC design
at a given field radius of r, which can be expressed by:
AAST = AAST15 ·
(
2r
15′
)2
, (13)
where AAST15 is the astigmatism of RC design at field diam-
eter of 15’ and can be estimated as 0.243”based on our simu-
lation result in ZEMAX. Thus, through a simple calculation,
over a field diameter of 15’, the total ENA is dominated by
atmosphere seeing rather than telescope design aberrations,
which once again demonstrates our previous conclusion in
Section 4.1.
After figuring out the ENAs of all telescope designs pro-
posed above, we can achieve related OITs for these telescope
configurations with different coatings separately. The results
are as shown in Table 7. Based on the OIT results, we can
see that SYZ designs have a lower OIT value compared to
RC design at both Nasmyth focus and Cassegrain focus.
In order to make a systematic comparison between RC
design and SYZ design in any given FOV, we further quan-
tify the OITs of all optical systems designed with a wider
range of FOVs. For the RC design, the central obstruction
ratio caused by the secondary mirror for zero FOV is 0.117,
which is 0.128 for 20’ FOV. There is a linear relationship be-
tween the required size of secondary mirror and the designed
maximum FOV, and the central obstruction ratio caused by
secondary mirror in a RC system designed for a given FOV
can be derived by:
M2−RC = 0.117 + 0.011 · FOV20′ . (14)
While for the SYZ design, the central obscuration ratio
caused by the secondary mirror for zero FOV is 0.205, which
is 0.213 for 20’ FOV; the central obscuration ratio caused by
M4 for a given FOV is proportional to the size of M4’s cen-
tral hole, which is also directly proportional to the designed
FOV of SYZ telescope. Thus, the central obscuration of the
SYZ system at a given FOV can follow the following expres-
sions:

M2−SYZ = 0.205 + 0.008 · FOV20′
M4−SYZ = 0.35FOV14′
SYZ = max (M2−SYZ, M4−SYZ )
(15)
By plugging Equation (14) and Equation (15) into
Equation (3) separately, we can estimate the total through-
puts for both designs and further calculate OITs of all tele-
scopes with the enhanced silver coating adopted, (as shown
in Figure 7(a) and 7(b)). As seen from this figure, we con-
clude that the SYZ telescope potentially has a less scientific
productivity compared to the two-mirror telescope designed
for any given FOV. Based on the OIT curve for the RC de-
sign as shown in Figure 7(b), OIT is increasing with FOV.
However, for the SYZ system, although the ENA of SYZ is
smaller than RC system over a large FOV, the SYZ’s OIT
will decrease with the increase of FOV after 30 arcmin, be-
cause of a very significant loss of throughput due to M4’s
central hole.
5 CONCLUSION
In this paper, we systematically compare the scientific per-
formance of telescopes with the two-mirror (RC) design to
the SYZ design. Our simulations show that RC telescopes
have better diffraction imaging quality in the central FOV,
and higher photon throughput due to less reflection loss
and less obstruction loss compared to the SYZ telescopes.
SYZ telescope is better than RC telescope in the diffrac-
tion limited imaging quality over a large FOV (20 arcmin).
We further compare both telescope designs based on per-
formance metrics of effective aperture and Central Intensity
Ratio CIR. We find that SYZ design does not work as well
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Table 7. The Observating Information Throughput (OIT) of the SYZ design and RC design.
Design
FOV
(arcmin)
ENA
(FOV)
Observing Information Throughput
(OIT) (×105)
New Al Two-year Al Enhanced Ag
SYZ( = 0.35) 14’ 1.20 2.66 2.32 3.30
SYZ( = 0.50) 20’ 1.20 4.63 4.05 5.76
RC(Nas. focus) 20’ 1.35 6.74 6.09 7.92
RC(Cas. focus) 20’ 1.35 7.49 7.00 8.34
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Figure 7. The observing information throughput (OIT ) of both
SYZ and RC configurations as a function of FOV at Nasmyth fo-
cus: (a) limiting maximum FOV to 20 arcmin; (b) limiting max-
imum FOV to 80 arcmin.
as RC design under seeing limited observations, GLAO cor-
rected observations and ExAO corrected observations. Fur-
thermore, we propose a new performance evaluation crite-
rion, i.e. the Observing Information Throughput (OIT) to
evaluate the scientific productivity of telescopes. Using this
OIT metric, we compare the two-mirror design with the SYZ
design. The RC telescope has a better scientific performance
compared to the innovative SYZ design.
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APPENDIX A: CENTRAL OBSTRUCTION
(CO) DIFFRACTION
In the SYZ telescope design, there are several central ob-
struction apertures along the optical path of SYZ telescope
as show in Figure A1, which include, central obstruction
caused by secondary mirror, central hole of primary mirror
and central hole of fold mirror M4. In this appendix, we try
to explore the diffraction patterns of the annular pupil with
various central obscuration ratios, and analyze their effect
on final image quality of optical systems.
Any obstruction placed in the light path of an imag-
ing system will block a portion of the wavefront reaching
the final focal surface. The consequence is a change in wave
contribution at every point of the diffraction pattern, lead-
ing to a so-called obscured Airy pattern. The new intensity
MNRAS 000, 1–10 (2017)
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Figure A1. The central obstruction (CO): D=aperture diame-
ter; =relative size of CO in units of D.
distribution of the obscured Airy patter can be described by
(Airy 1835; Sacek 2006):
I (θ) = I0(
1 − 2)2
(
2J1 (x)
x
− 2 J1 ( x)
x
)2
, (A1)
where  is the annular aperture linear obscuration ratio, I0
is the maximum intensity of the pattern at the Airy disc
center with no obscuration, J1 is the Bessel function of the
first kind of order 1, and x is defined as:
x = ka sin θ ≈ piR
λ f /#, (A2)
where R is radial distance in the focal plane from the optical
axis, λ is the wavelength, f /# is the f-number of the system.
In Equation (A1), the central intensity with a given central
obscuration (CO) ratio of  is still normalized to I0 by divid-
ing a normalization factor of (1-2)2. As a result, the Strehl
ratio (SR) of an optical system’s PSF with CO ratio of  can
be written as:
SR = (1 − 2)2. (A3)
Then by integrating Equation (A1) without the normaliza-
tion coefficient over image spot radius, the fraction of encir-
cled energy is provided by:
E(R) = 1
1 − 2 {1 − J
2
0 (x) − J21 (x) + 2
[
1 − J20 ( x) − J21 ( x)
]
− 4
∫ x
0
J1(t)J1( t)
t
dt}. (A4)
Therefore, based on Equation (A4), we can get the
diffraction pattern of central obstruction and the corre-
sponding point spread function and encircled energy distri-
bution curve as shown in Figure A2. Due to the obstruction
effect, the 80% encircled energy (EE80) diameter of the spot
with relative central obstruction of 0.5 is almost twice of the
Airy disk size.
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Figure A2. The effect of central obscuration on point-spread
function (PSF) intensity distribution of optical systems.
APPENDIX B: DERIVATION OF EQUIVALENT
NOISE AREA (ENA)
Our derivation of ENA largely follows the procedures in King
(1983), Mighell (2005), and Mighell (2003). Consider a CCD
photometry of point sources. Assuming that we know the
PSF of the observations, then a simple model of the obser-
vation can be written using the following parameters: stellar
intensities (E) in photons, the coordinate of the point-source
positions (x, y) in pixels, and observed background sky level
in photons (B). If there are not only one star, and further,
if some stars are overlapping, then the parameters of each
star are dependent variables. The reasonable model of multi-
ple overlapping PSFs will be non-linear. With the non-linear
least-square fitting algorithm, the non-linear function can si-
multaneously determine any dependent or independent pa-
rameters in the non-linear model functions (Mighell 2003).
Following Mighell (2005), assuming that we have a CCD
images with N pixels and that ni is the number of photons
recorded in the ith pixel. The ith pixel resides in the position
of (xi , yi) of this CCD, and this pixel has an error of σi
photons. Further, let us denote m(x, y; n1,..., nM ) to be an
observational model of the pixel values in CCD that has the
coordinate (x, y). Let us denote vector p to represent all
the model parameters [p ≡ (p1,..., pM )]. The observational
model of ith pixel can be written as mi ≡ m(x, y; p).
We use χ2 to quantitatively measure the goodness of
the fit between a non-linear model and data, in which χ2
can be expressed as follows:
χ2(p) =
N∑
i=1
1
σ2
i
(zi − mi)2 . (B1)
Assuming p0 is the optimal parameter vector, let us consider
a parameter p, and then the standard errors according to the
non-linear least-square fitting is:
δj =
(
N∑
i=1
1
σ2
i
∂mi
∂pj
)−1/2
. (B2)
The observational model for ith pixel would be
Ni = B + Eφi, (B3)
where E is the total number of photons received from the
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source, and φi is the value of ith pixel of the normalized PSF.
For faint limit, the error of E can be expressed as follows
based on Equation (B2):
σ2E =
©­­«
N∑
i=1
1
σ2rms
(
∂
∂E Eφ
)2 ª®®¬
−1
. (B4)
Consider the large array of CCD and the discrete CCD array
can be approximated as continuous, then Equation (B2) can
be written as follows:
σ2E = σ
2
rms
[∬
φ2dxdy
]−1
. (B5)
Thus, in order to get a complete information of the photon
from the source (E), we need to figure out [
∬
φ2dxdy]−1.
Thus, the [
∬
φ2dxdy]−1 is defined as Equivalent-Noise-Area
(ENA).
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